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Abstract
Scientific research in the field of long-term thermochemical energy storage for low temperature application (e.g. solar
thermal systems) has experienced an enormous development in the last decade. In this context the term 
“thermochemical energy storage” includes chemical storage (e.g. hydration reaction of a salt) and sorption storage
(e.g. adsorption and absorption processes). As a positive outcome of the increased research activities, a wide range of 
storage materials have been investigated, newly developed and are now being applied in thermochemical energy 
stores. Furthermore, innovative storage concepts have been developed and tested in laboratory or already pilot scale.
In this paper, an overview of research activities carried out at different national and international institutions related 
to long-term thermochemical energy storage for solar thermal applications will be given. In addition, research
activities in the field of thermochemical energy storage performed at our institution ITW will be presented in detail.
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of PSE AG
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1. Long-term thermochemical energy storage for solar thermal applications
Solar thermal systems are an excellent technology to decrease the fossil energy consumption,
especially in the building stock. Due to the seasonal mismatch between heat demands (mainly in winter)
and solar thermal energy availability (mainly in summer), today’s typical solar thermal systems are
designed as solar assisted heating systems with solar fractions of about 20 % to 30 % related to the total
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head demand required for space heating and hot water preparation. The remaining heat demand is 
typically covered by a conventional fossil fueled back-up heater.  
In order to achieve higher solar fractions of 50 % up to 100 %, seasonal heat storage is required for 
many climate zones which allows the storage of solar heat from summer for use in winter. Up to now, 
seasonal heat stores in single and multifamily houses are realized as large hot water stores. However, hot 
water stores have a relatively low storage capacity (~ 60 kWh/m³ at a temperature difference of 
UT = 50 K) and suffer from heat losses to the ambient during the storage period. Consequently, often this 
storage technology is limited to specific applications e.g. newly build houses with a large hot water store 
as an integral part of the building. 
The technology of thermochemical energy storage is expected to have an enormous technical potential 
for compact short and long-term storage applications. Sorption heat storage is usually also summarized 
under the term thermochemical energy storage even though the charging and discharging process is not a 
reaction but a desorption and adsorption process.  In thermochemical energy stores the heat is stored in 
chemical or physical bonds of special materials and the charging / discharging process of the store is an 
endothermic / exothermic reaction (cf. eq. 1):  
 
 A + B ' AB + 'HR (1) 
   
In equation 1, A and B are educts, often a solid or liquid and a gas, which reacts to a product AB by 
producing heat ('HR).  
A great advantage of thermochemical energy storages is, that they have a much higher energy storage 
density compared to hot water stores (theoretically factor 2 to 10) and that the energy can be stored 
almost loss-free over extensive time periods. This opens up the opportunity for compact and highly 
efficient long-term thermal energy storage.  
At our institution different thermochemical energy storage concepts for solar thermal application are 
being developed, realized and tested. In this paper, the main characteristic of the different storage 
concepts are described and discussed. Furthermore, an overview of research activities related to long-term 
thermochemical energy storage for solar thermal applications carried out at other national and 
international intuitions will be given. This overview makes no claim to being complete. A good review on 
long-term thermochemical solar energy storage is also given by Bales et al. [1], Cot-Cores et. al [4] and 
N’Tsoukpoe [10]. 
2. Selected concepts of long-term thermochemical energy storage for solar thermal applications 
At AEE – Intec (AEE – Institute for Sustainable Technologies, Austria), a thermochemical store for 
solar space heating in a single-family house has been developed within the MODESTORE project, [6], 
[13]. It is a closed storage concept operating under vacuum conditions with silica gel and water as 
working pair. A schematic drawing of the sorption store is depicted in Fig. 1. It consists of a store filled 
with the storage material and equipped with an internal spiral heat exchanger, a water reservoir and an 
additional small water reservoir with a heat exchanger which serves as the evaporator or condenser.  
For the charging process of the store (material desorption) heat is transferred into the material via the 
internal heat exchanger. The desorbed water vapor is condensed in the condenser and then pumped into 
the water reservoir. For the discharging process (material adsorption) water is fed from the water 
reservoir to the evaporator and evaporated. The vapor is adsorbed by the silica gel and the heat of 
adsorption is released and transported to the space heating loop via the internal heat exchanger.  
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A pilot system of the sorption store was installed and monitored in a building located in Haag, Austria. 
The system consists of a 32 m² flat plate collector area, a 900 l water buffer store, two 500 kg sorption 
stores, a separate water store for hot water preparation and an auxiliary heater (wood pellets).  
 
Fig. 1. Drawing of the prototype storage concept of 
the MODESTORE project, [13] 
 
For the first time a sorption store for long-term storage of solar heat has been realized and successfully 
tested. However, the experimental results remained below the expectations. One main reason for this is 
the selected working pair of silica gel and water vapor. The temperature lift during the adsorption process 
is only sufficiently high (> 10 K) over a limited range of the total sorption capacity (of 35 %) of the 
material. At a water loading of the silica gel of more than 13 %, the temperature lift is too small for 
technical use. This significantly reduces the storage density of the material. In the pilot system an energy 
storage density of approximately only 50 kWh/m³ has been achieved. This is only 25 % of the total 
energy storage density of the theoretical value. 
The drawback of the small temperature lift can be overcome with other materials such as zeolite or 
modified zeolites, e.g. composite materials of zeolite and salt.  
 
At INSA de Lyon the concept of the MonoSorp project, an open storage system using exhaust from the 
building as water source, has been taken up [5]. Hot air with a temperature between 80 °C and 150 °C 
will be provided in summer by solar air collectors for desorption. A composite storage material, 
consisting of zeolite 13X as carrier matrix and 15 % weight-percent of magnesium sulphate has been 
developed. In a laboratory test reactor with 200 g of composite material, a temperature lift of over 25 K 
has been measured during the adsorption / hydration process (air flow rate of 8 l/min at 25 °C and a 
relative humidity of 50 %). A volumetric energy storage density of 166 kWh/m³ has been achieved. This 
is 65 % of the theoretical storage density of the material (257 kWh/m³) and a 27 % increase compared to 
pure zeolite 13X (131 kWh/m³). Mico-calorimetry experiments revealed that the energy density can be 
maintained over at least three charge and discharge cycles. Further research will focus on improving the 
carrier and to enhance the energy storage density. In addition, the storage technology will be investigated 
in large-scale experiments under real operating conditions.  
 
At ECN (Energy research centre of the Netherlands) an open storage system for long-term solar heat 
storage with magnesium chloride on a carrier matrix as storage material is under investigation [15], [16]. 
A prototype reactor, containing 15 liters of storage material has been realized and successfully tested. The 
temperature for dehydrating the material is set to 130 °C. During the hydration experiments a temperature 
lift of the airflow of 14 K from 50 °C to 64 °C has been measured in the material bed (relative humidity 
of the incoming airflow of 40 % at 25 °C). With a further improvement of the reactor design and the heat 
transfer in the air to water and air to air heat exchanger it is expected that the high energy density of the 
material of approximately 280 kWh/m³ can be technically used.  
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At the University of Minnesota, USA, aqueous calcium chloride is investigated as long-term solar 
storage medium. It is a closed system concept with just one vessel for both, concentrated and diluted 
solution of aqueous calcium chloride (CaCl2). The closed storage concept combines absorption and 
sensible heat storage and achieves an energy density of approximately 105 kWh/m³ [12].  
For the charging process, diluted solution of calcium chloride is pumped though vacuum tube solar 
thermal collectors. At temperatures above 100 °C water is evaporated from the solution and concentrated 
calcium chloride solution and water are returned separately to the store. 
For the discharging process, the concentrated calcium chloride solution and water is transferred to an 
absorption heat pump. In the heat pump water is evaporated from the water stream and then condensed in 
the concentrated calcium chloride solution. The now diluted and warmer solution of calcium chloride is 
transferring its heat to the load side and is then returned to the store.  
During the storage period a mixing of diluted and concentrated solution must be prevented in order to 
preserve the energy content of the store. An experimental prototype with a 1500 l store has been set up 
and it could be demonstrated that the mixing rate of concentrated and diluted solution is very small.  
 
At Empa (Swiss Federal Laboratories for Materials Testing and Research), a closed sorption store with 
sodium hydroxide for long term heat storage is under development [14]. By evaporating water from the 
diluted aqueous sodium hydroxide with heat from the collector field (charging temperature > 120 °C), the 
sorption store is charged. Heat is released from the sorption store by absorption of water vapor into the 
concentrated solution and then transferred to the load (space heating, domestic hot water preparation). 
The energy storage density depends on the charging and discharging temperature and is between 170 and 
400 kWh/m³. The process has been successfully demonstrated in a prototype plant with a capacity of 
200 l of sodium hydroxide.  
3. Concepts of long-term thermochemical energy storages for solar thermal applications developed 
at ITW, University of Stuttgart 
In the following a detailed overview of the research work at our institution ITW related to 
thermochemical energy storage will be given. In all concepts, the thermochemical energy storage is used 
to increase the solar fraction of a solar thermal system. The charging process of the thermochemical 
energy store (endothermic reaction) is performed in summer with solar heat from the collector; the 
discharging process (exothermic reaction) is mainly performed in winter for space heating purposes and 
domestic hot water preparation.  
The storage materials are sorption materials (zeolite) or composite materials of zeolite and a salt. The 
heat released during discharging of the store results from an adsorption process (zeolite) and / or 
hydration process (salt) which is activated by bringing the dry storage material in contact with water 
vapor. For the charging process of the store, the storage material is heated up and dried (desorption 
and / or dehydration of the storage material). Both, the charging and discharging process is performed in 
an open process with ambient air which transports water vapor and heat into or out of the store.  
A major difference of the various storage concepts lies in the design of the thermochemical energy 
store and its integration into the heat distribution system.  
3.1. Integration of  a sorption store into an air heating system of a building with controlled ventilation  
Within the project MonoSorp [7], [8] carried out from 2005 to 2007 a new process for solar thermal 
space heating with long-term sorption heat store has been developed. The heat store is designed to be 
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integrated in a building with a controlled ventilation system and with heat recovery. A schematic of the
overall system design is depicted in Fig. 2.
Fig. 2. Schematic of the MonoSorp concept: Integration of the
sorption store into a building’s ventilation system
During space heating season and during time periods when the solar thermal collectors cannot provide
(sufficient) heat, the sorption store is covering the (remaining) heat demand for space heating. The heat is
extracted from the sorption store by directing room exhaust air through the sorption store. The sorption
material (zeolite) adsorbs the water vapor of the exhaust air flow and heat is released which, in turn, is
heating up the fresh air flow. The resulting temperature lift depends on the water vapor in the exhaust air 
and is in the range of 15 K to 25 K. In the air to air heat exchanger of the controlled ventilation system the
incoming fresh air is heated up by the warm and dry air coming from the sorption heat store. The heated 
supply air is then used for space heating purposes via the building’s controlled ventilation system. The air 
coming from the sorption store is released in the environment.
In summer, the sorption material is regenerated with heat from the solar thermal collectors. When the 
temperature in the combistore has reached the set-temperature (for example 80 °C), the combistore is 
bypassed and the solar heat is available for desorption. At a minimum collector outlet temperature of 
125 °C the heat from the collector field is transferred to an air flow via an air to water heat exchanger.
This air flow is then flowing through the sorption store for the desorption process. Before the exhaust air
is released into the environment it is transferred through an air to air heat exchanger to preheat the fresh
air. As the desorption process of zeolite requires high temperatures, the desorption temperature is set to
170 °C. This temperature can be provided by highly efficient solar thermal collectors (e.g. vacuum tube
collectors) in combination with a pressurized collector loop (e.g. 10 bar if water is used as a heat transfer 
fluid).
For a good heat transfer between air flow and sorption material a large contact area is required. This is
achieved by using zeolite honeycomb monoliths which have been developed and produced within the
MonoSorp project. These monoliths are made by extrusion of zeolite 4A powder and are characterized by 
a comparatively low void fraction, an excellent adsorption kinetic and a very low pressure drop of the air
flow when flowing through the material. A picture of a zeolite honeycomb monolith is shown in Fig. 3
(left), a view into the sorption store partly filled with the zeolite honeycombs monoliths is depicted in Fig. 
3 (right).
Fig. 3. Picture of an extruded zeolite
honeycomb (left) , View into the sorption
store partly filled with zeolite honeycomb 
monolith (right)
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The experimental investigations performed with the pilot plant sorption store during the MonoSorp 
project have shown that especially for an efficient desorption process a good energy management is 
required. Due to the comparatively high heat capacity of the sorption store a large energy amount is 
already required for heating up the material to the desired desorption temperature of 170 °C; additional 
energy is required for the desorption process. With solar energy as the only heat source for the 
regeneration process, the desorption process is only possible during the day and at sunny weather 
conditions. Measurement results have shown that even with a good thermal insulation of the store, the 
sorption store is significantly cooling down during night, especially when operated at high temperatures, 
due to heat losses to the ambient. With increasing store size the large heat capacities and the heat losses 
will become even more important.  
 
In the project “SolSpaces” which has just started in March 2012, the issue of the large heat capacities 
will be given special attention. The general idea is to divide the sorption store in several segments which 
can be desorbed or adsorbed separately. In Fig. 4a schematic drawing of such a segmented store is 
depicted for the case of adsorption (blue arrows) and desorption (red arrows). The segmentation of the 
store has the advantage that the adsorption or desorption process is reduced to a small storage material 
amount. The thermal heat capacities and heat losses, especially during the regeneration process, are 
reduced. 
The overall system concept in the “SolSpaces” project is comparable to the MonoSorp project. The 
sorption store will be integrated into an air heating system of a building which is equipped with a 
controlled ventilation system. The heat for desorption will be provided by a collector field using air 
collectors. Hence, in this concept, the solar loop can be directly connected to the sorption store without 
the need for an air to water heat exchanger which was mandatory in the MonoSorp project. In winter, heat 
for room heating is extracted from the sorption store by passing humid room exhaust air through the 
sorption store. The heat of adsorption is released and transported out of the store via the air flow and then 
transferred to the supply air in an air to air heat exchanger.  
In contrast to the MonoSorp concept no zeolitic honeycomb monoliths are used as storage material but 
a packed bed of zeolite spheres. This has the advantage that newly developed sorption materials (e.g. a 
binderfree zeolite 13X, or composite materials of a zeolite and a salt) can be used as storage material for 
which no honeycomb monolith production process exist yet. By using a large cross-flow area for the air 
flow and a minimal bed length, the pressure drop of the air flow is expected to by very low.  
Within the three years project a sorption store for energy efficient compact buildings will be developed 
and a pilot system with the sorption store will be tested in a real system environment. The test house is a 
prefabricated compact house (so-called “Flying Spaces”) of the German company “SchwörerHaus KG 
and has a living area of about 40 m². In Fig. 5a picture of a “Flying Space” house is depicted. The energy 
demand for room heating is relatively high due to the large surface to volume ratio and is in the order of 
3200 kWh/a. Vacuum tube air collectors will be installed on the roof of the building to provide heat for 
direct room heating via the air heating system, for regenerating of the sorption store with 3 to 5 m³ 
volume and for hot water preparation (with an additional air to water heat exchanger). It is expected that 
over 90 % of the heat demand for room heating and over 80 % of the heat demand for domestic hot water 
preparation can be covered by the solar thermal system in combination with the sorption store.  
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3.2. Integration  of  a thermochemical energy store into a radiator or floor heating system 
Within the three and a half years project CWS (Chemische Wärmespeicherung), a joint project 
between the Institute of Technical Thermodynamics (ITT) of the German Aerospace Centre (DLR) and 
the Institute for Thermodynamics and Thermal Engineering (ITW), University of Stuttgart, carried out 
from 2008 to 2012 the technical feasibility of thermochemical heat storage has been investigated. ITW 
was focusing on low-temperature applications up to 100°C, whereas high-temperature applications up to 
500°C were investigated by ITT.  
In the CWS project new storage materials on the basis of salts and composite materials of salt and 
zeolited for seasonal heat storage have been developed and investigated. A good overview of the 
experimental investigation is given e.g. in [2], [3] and [9]. The investigations performed by ITW have 
shown that it is difficult to find materials which fulfill the requirements of high energy storage density 
combined with fast reaction kinetic. Hygroscopic salts such as magnesium sulphate or calcium chloride 
have a (theoretically) high energy storage density. However, a very slow reaction rate associated with a 
very low temperature lift in the reactor was observed during the experiments performed. A way to 
enhance the reaction rate and thus the heat release is to use a composite material. A composite material is 
consisting of a combination of an active (e.g. zeolite) or a passive (e.g. ceramics), porous, supporting 
material and salt. The supporting material primarily defines the structure, consistency and form of the 
storage material. The salt enhances (in the case of an active carrier structure) or defines (in the case of a 
passive carrier structure) the energy storage capacity of the material. Especially the composite materials 
consisting of zeolite and magnesium sulphate, measured at ITW (e. g. [11]) as well as by Hongois [5] and 
magnesium chloride on a passive carrier measured by Zondag [15] are characterized by a high energy 
storage density combined with a good reaction rate. These materials are very well suited for 
thermochemical heat storage systems and promise a high thermal performance for solar thermal 
applications. 
For the composite material of zeolite and salt a process design for a solar thermal long term heat 
storage has been developed. In the so-called CWS-NT-concept (Chemische Wärmespeicherung - 
Niedertemperatur: chemical heat storage - low temperature) a solar thermal combisystem has been 




Fig. 4. Schematic of a sorption store divided into different segments 
(blue arrows: adsorption; red arrows: desorption of the store) 
Fig. 5. Picture of the prefabricated compact building named 
“Flying Spaces” of the SchwörerHaus KG 
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Similar to the concepts of the MonoSorp and SolSpaces project it is an open adsorption / hydration 
system using ambient or exhaust air to provide the humidity required for the discharging of the store. The 
thermochemical energy store works as a low power heat source and is connected to the combistore of the 
solar thermal system via the collector loop heat exchanger. The thermochemical energy store consists of a 
material reservoir for the storage material and a reactor where the heat and mass transfer take place during 
the charging and discharging reaction. In the CWS-NT-concept, an external reactor concept has been 
realized where the storage material is separated from the reactor. This has the advantage that the reaction 
is reduced to only a small part of the total storage material amount at a time. The thermal heat capacities 
and heat losses especially during the regeneration process are reduced. Furthermore, only the reactor has 
to withstand high temperatures whereas for the material reservoir low-cost materials can be used. The 
storage material transport between the material reservoir and reactor is done by a vacuum conveying 
system allowing a very gently material transport with low energetic expense. 
The reactor is designed as a cross-flow reactor. The material is entering the reactor from top and runs 
gravity-driven through the reactor. The air is entering the reactor from lateral and is transporting the 
humidity and the heat into or out of the reactor. In the heating mode, the released heat is transferred from 
the air flow to the water loop by an air to water heat-exchanger. For material regeneration, the air flow 
direction is reversed and the heat-exchanger is used for transferring regeneration heat from the solar loop 
into the reactor via the air flow. A sketch of the reactor design and a picture of the laboratory prototype 
are depicted in Fig. 7 and Fig. 8. A detailed description of the reactor design and the reactor operation 
modes is given in [11]. 
 
The following considerations were decisive for the derived reactor design: 
x A large cross-flow section area for the airflow and a minimal material width in flow direction 
minimize the airflow pressure loss. This is essential for a low fan power required for the air 
transport. 
x The material transport through the reactor can be realized in a reliable and technical inexpensive 
way with low material stress 
x A compact construction with short distance between heat source and heat removal, i.e. between 
reaction chamber and heat exchanger, is favorable to minimize heat losses to the ambient. 
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Fig. 7.: Sketch of the cross-flow reactor (dotted line: material
regeneration, solid line: heating mode)
Fig. 8.: Picture of the laboratory cross-flow reactor (view from 
top)
4. Conclusions
In recent years research activities in the field of long-term thermal heat storage have increased. As a 
positive outcome, innovative system designs using different storage materials have been developed and 
tested. The broad range of system concepts show clearly that long-term heat storage is a realistic and 
sustainable technology for the future. An achievement of energy storage densities more than four times
compared to water stores has already been demonstrated in pilot plants. For solar thermal systems, the 
progresses in long-term heat storage is a major step forward to a completely renewable heating systems
based on solar energy. 
However, for bringing this novel technology onto the market intensive further research in the field of 
material development and system integration is required. Intensive research in the field of material
research and development is required to improve the storage material e.g. in terms of energy storage
density and thermal and mechanical stability. Further questions to be answered include e.g:
x lifetime of the system (e.g. cycle stability of the material)
x overall system size taken all the additional components for the long-term heat storage into
account (e.g. additional heat exchanger, material reservoir, water store)
x energy storage density that can be technically used (e.g. heat transfer rate, thermal power,
temperature lift)
x system price and even more important the cost-cutting potential (e.g. for the storage material)
In addition pilot plants operating under realistic boundary conditions have to be set up and monitored 
with the aim of answering questions regarding the installation, maintenance and operating reliability.
These pilot plants may also serve as lighthouse projects to further promote the technology of long-term 
heat storage.
At ITW the various aspects listed above will be further investigated in different projects related to
long-term energy storage. An explicit goal of the research work is the installation and monitoring of 
demonstration plants – solar thermal systems with long-term thermochemical energy storage – within the
next years.
It is expected that by continuing the successful national and international research work, long-term 
heat storage will become an available technology in the market in the future.
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